This paper introduces a measurement campaign to investigate the characteristics of massive multiple-input multiple-output (MIMO) channels in both line-of-sight (LoS) and obstructed LoS suburban outdoor environments. The measurements are conducted at the center frequency of 3.5 GHz with a bandwidth of 160 MHz. The transmitter is equipped with a 4 × 8 planar patch antenna array and the receiver is equipped with a 4 × 8 cylindrical patch antenna array. Each patch consists of two antenna ports which have main polarizations of +45 • and −45 • , respectively, resulting in a total of 64 × 64 sub-channels. We examined the influence of different polarization combinations on channel characteristics such as power delay profile (PDP), K-factor and delay spread for both LoS and obstructed LoS scenarios. Results show that the characteristics are more dependent on the Rx antennas rather than the Tx antennas. When the Rx antennas are facing the Tx antenna array, the received power is higher, the K-factor is lower and the delay spread is lower in cross-polarization cases with respect to the co-polarization ones in general. When the Rx antennas are back-facing the Tx antenna array, lower powers, higher K-factors and higher delay spreads can be observed in cross-polarization cases with respect to the co-polarization cases. In conclusion, the polarimetric influence on the channel characteristics depends on the antenna structure as well as the environment.
a channel measurement campaign for 2.6 GHz using 128 antenna elements which was conducted in an indoor scenario was introduced in [11] [12] [13] [14] [15] . Results reported in [11] show that the channels for both large linear and compact cylindrical array types can always help to obtain most of the capacities/sum-rates achieved in the independent identically distributed (i.i.d.) channel scenarios, when up to 10 base station antennas were utilized serving individual users. It was concluded in [12] that the channel characteristics investigated from real propagation environments allow for the effective use of massive MIMO, i.e., the theoretical advantages can also be obtained in real channels. From these observations, an adaptive antenna selection scheme was proposed in [13] . This scheme decreases the number of radio frequency (RF) chains and uses simple algorithms, which significantly reduces the massive MIMO implementation complexity, cost and hardware energy consumption, while maintaining the near-optimal performance. From the channel modeling perspective, an extension of the current COST 2100 MIMO channel model was proposed in [14] to describe the spatial variation of the channel over large arrays. This model shows that the channel cannot be seen as wide-sense stationary over the large array at the base station. Statistical models proposed are constituted by the total number of clusters, their visibility regions and spatial adaption gains over the base station array.
Results from [15] illustrated that the propagation characteristics, such as small scale fading, channel gain, and angular power spectrum vary significantly over the 7.3 m long 128-element linear array. An outdoor measurement campaign with a scalable virtual antenna array consisting of up to 112 elements was reported in [16] . The results show that the channels at different positions become more orthogonal as the number of antennas grows, while the marginal gain of an additional antenna quickly diminishes. In [17] , experiments at 9 GHz in an office using an 121-element virtual Rx array indicate that a spherical-wave-front parametric model is applicable for characterizing the channel spatialconsistency. It was presented in [18] that the feasibility and reasonability of a virtual measurement are reasonable in massive MIMO system by comparing the characteristics of time and spatial domain in the virtual measurement and practical measurement at 3.5GHz. In [19] the authors presented the results of power delay profile, delay spread, and extract angular parameters by SAGE algorithm from a measurement conducted with 256 antennas at the transmitter and 16 antennas at the receiver at 3.5GHz and 6GHz. Results show a higher channel capacity at 6GHz than 3.5GHz. It proposed a 3D sectorized multi-probe anechoic chamber setup with a large set of over-the-air (OTA) probe antennas for massive MIMO BS performance testing at 3.5GHz in [20] . The key design parameters are determined by using a device under test with an 8 × 8 planar array of half-wavelength element spacing. These studies clearly emphasize the existence of spatial nonstationarity in frequency bands of interest and point out the strong necessity of modeling such behaviors from various perspectives.
In addition to these interesting observations and useful conclusions found in literature, there are still many open questions concerning practical implementations. For example, there is not enough study on massive MIMO channel characterization based on measurements. Moreover, little attention has been paid to the evaluation of the massive MIMO channel characteristics when different polarizations are applied in the Tx and Rx antenna arrays. The existing models describing the polarimetric behaviors for MIMO do not fit well with the scenarios in which large-scale antenna arrays are applied. Hence, they are not able to generate realistic channel realizations. Consequently, to effectively evaluate massive MIMO under polarization settings in more realistic scenarios, new multidimensional models and measurements with physical large-scale arrays are expected.
In this paper, we analyzed the channel characteristics such as power delay profile (PDP), K-factor and channel delay spread in both LoS and obstructed LoS scenarios with 32 pairs of ±45 • polarized Tx and Rx antenna elements. To investigate channel variations over the apertures of the Tx array and Rx array, we divide the 64 × 64 sub-channels into different polarization combinations. The main objective of this analysis is to determine the geometrical or polarimetric factors that may lead to channel changes in different dimensions of a large-scale antenna array. The obtained results show that there are more predominant multipath components and more spread over delay in cross-polarization cases when the Rx is facing the Tx antenna. However, when the Rx antenna is back-facing the Tx antenna array, the co-polarization components are more predominant than the cross-polarization ones. The obtained knowledge can help in designing adaptive algorithms for selecting array structures for reliable communications and increased capacity.
The rest of the paper is organized as follows. Section II describes the measurement environment and the structures of transmitter and receiver. Section III elaborates on the characteristics such as PDP, K-factor and delay spread in LoS scenarios, and Section IV addresses the properties of the PDP, K-factor and delay spread in obstructed LoS scenarios. Section V summarizes some results of the K-factor and delay spread. Finally, conclusive remarks based on the results are addressed in Section VI.
II. MEASUREMENT ENVIRONMENT AND SETUP
A measurement campaign was conducted in a suburban road around Building 5 of Shanghai Jiaotong University, Shanghai, China. Fig. 1(a) depicts the environment where the measurements were carried out. Fig. 1(b) illustrates the measurement setup used at the Rx side. The transmitter, used as a base station (BS), was fixed on top of Building 5 which is around 16 meters high. The receiver, considered as the user equipment (UE), was located at the center of a crossroad marked as UE1 in LoS scenario. In the second scenario, the receiver was located at a point of the road marked as UE2 in Fig. 1 . The receiver antenna is around 1.8 meters high on a trolley. There is a building between the Tx and Rx antenna locations. Thus we call it 'obstructed LoS' scenario, which is a kind of visual LoS, with LoS component blocked. The sampling rate is 160 MHz and the center frequency is 3.5 GHz. We repeated each measurement 4 times and averaged the results. The transmitter is equipped with a 4 × 8 planar patch antenna array shown in Fig. 2 . Each patch antenna contains two ports with main polarizations of +45 • and −45 • , respectively. On the Rx side, there is a cylindrical structure with 8 columns of 1 × 4 patch antenna arrays evenly distributed on the surface, as shown in Fig. 3 (a). The inner diameter is 206 mm and the patch is 26 mm away from the inner wall of the cylinder (see Fig. 3 (b)). Therefore, the distance between every two columns of the Rx patch antenna is 98.72 mm, which is more than λ/2. The patches used are the same at Tx and Rx, and are illustrated in Fig. 4 . We use mathematical expressions to simplify the description as follows: T (m 1 , n 1 , p 1 ) represents the Tx antenna in the m 1 th row, n 1 th column and p 1 polarization, whereas R(m 2 , n 2 , p 2 ) denotes the Rx antenna in the m 2 th row, n 2 th column and p 2 polarization, where m 1 , m 2 ∈ {1, 2, 3, 4}; n 1 , n 2 ∈ {1, 2, . . . , 8} and p 1 , p 2 ∈ {+45 • , −45 • }. E m 1 ,n 1 ,n 2 is used to describe the average value w.r.t power delay profile, K-factor and delay spread for the m 1 th row, n 1 th column of the Tx antenna array and n 2 th column of the Rx antenna array. 
III. LOS SCENARIO A. POWER DELAY PROFILES
The Power Delay Profile (PDP) contains information regarding how much power approaches the receiver for a certain delay value, i.e., how the power is spread in the delay domain. It can be calculated as p(τ ) = |h(τ )| 2 , where h(τ ) is the complex impulse response of the channel [21] . Let denote by P m 2 ,n 2 ,p 2 m 1 ,n 1 ,p 1 (τ ) the power delay profile for the channel between the antennas T (m 1 , n 1 , p 1 ) and R(m 2 , n 2 , p 2 ) at a delay τ .
Since each antenna element at Tx and Rx sides has two different polarizations, i.e., +45 • and −45 • , we choose some pairs of Tx and Rx antennas with different polarization combinations to see the influence of polarization on the channel. Fig. 5 shows the PDP with normalized power over each column of the Rx antenna array, which is obtained from the 32 ±45 • Tx antennas and 32 ±45 • Rx antennas then averaged out at Tx antennas. Fig. 5 (a) and (d) tell that when Tx and Rx antennas have the same polarization, the power over each Rx antenna column has no big differences. However, the highest power can be observed at the 2nd and 7th columns of the Rx antenna array. Fig. 5 (b) and (c) show higher powers at some Rx columns when Tx and Rx antennas have different polarizations than the same polarization. The highest powers also come out at the 7th column. From the four figures we can observe that except for the main paths at the delay of 3.12 µs, there are some strong paths at the delay of 3.28 µs, but more obvious at the co-polarization cases than cross-polarization cases. Fig. 6 shows the PDP with normalized power at each Tx antenna column. It is also obtained by averaging the results of 32 Tx with 32 Rx antennas at the Rx side. From the four figures we can find that PDP at each Tx antenna column does not have distinct differences, which means that antennas on the planar array at the Tx side do not make a difference in the received power. Comparing with Fig. 5 , the PDP results become more dependent on the Rx antenna array (cylindrical structure). Moreover, we can find out that in the cross-polarization cases, the power is more dispersed than in the co-polarization cases, showing a wider power distribution in delay domain in the figures. In order to find out the reason why the PDP results exhibit difference for different polarization cases, we discuss next the results with regard to the Rx antenna structure, i.e., when the Rx antenna is facing and back-facing the Tx antenna array.
We choose one antenna element at the center of Tx array, the 13th Tx antenna with both +45 • and −45 • polarizations, and one Rx antenna at the 2nd column and 7th column of the Rx antenna array, respectively. i.e., the 5th and 26th Rx antenna with both +45 • and −45 • polarizations. The normalized PDPs are shown in Fig. 7 . The 7th column of Rx antenna array is facing at the Tx antenna array whereas the 2nd column is at the back side while doing the measurement. Therefore, we can see the LoS path occurs in Fig. 7(b) , in which the first power peak occurs at the earliest. Also, we can observe that the LoS path occurs when Tx and Rx antennas are cross-polarized. In Fig. 7(a) , the co-polarized powers are higher than cross-polarized ones, when Rx is back-facing the Tx antenna array. The phenomenon is opposite when Rx is facing the Tx array. That is reasonable since the patch antenna element has the same structure at the Tx and Rx antenna arrays. When they are facing each other (i.e., pointing to each other), the transmitted −45 • polarized signal will match the +45 • polarized Rx antenna port, whereas +45 • polarized signal matches −45 • polarized Rx antenna port. However, when the Rx antenna is back-facing the Tx antenna, that is, the two antennas are pointing to the same direction, so the transmitted −45 • polarized signal comes to the direction of received −45 • polarized signals on the Rx antenna port theoretically. In fact, as the Rx antenna is not facing the Tx antenna, it will not directly receive the transmitted signal, but receive mainly some signals from scattering or reflection. During this process, the environment may also cause some depolarization effect on the electromagnetic wave. Therefore, the signal received at the Rx antenna will not be a single polarization, it is always a mix of cross-polarization and co-polarization.
To find out more information about the PDP with antenna structures as well as the relationship with polarization, the powers over Rx antenna indices are plotted in Fig. 8 . Since different Tx antennas do not have much influence on the PDP, we averaged the power from 32 Tx antennas and 32 Rx antennas at the Tx side. Moreover, we separate the Rx antenna structure into two parts, namely facing and back-facing the Tx antenna array to verify whether the results with regard to the two polarizations are opposite in these two cases. Here we extended the definition of ''facing'' and ''back-facing'' as follows: they do not only mean that the Rx is pointing strictly at the opposite or at the TX direction, but we also include the intermediate cases. More specifically, we regard the 1-4th columns of Rx antennas as ''back-facing'' the Tx antenna array, which includes the antennas from 1 to 16. The 5-8th columns of Rx antennas, which include antenna indices from 17 to 32, are regarded as ''facing'' the Tx antenna array. Fig. 8(a) shows the results when the Rx is back-facing the Tx antenna array. Fig. 8(b) illustrates the facing results. It can be observed from the two figures that when Tx and Rx antennas are cross-polarized, the power is higher at most of the Rx columns in the case of Rx is facing the Tx antenna. When Rx is back-facing the Tx antenna array, the co-polarized power is higher than cross-polarized one at most of the Rx columns. The difference of the highest powers between facing and back-facing is around 1.2 dB. What is more, the two cases of co-polarization have similar power distribution, and the cross-polarization cases also have the same effect. Co-polarization and cross-polarization have about 2 dB difference in both facing and back-facing cases. From Fig. 8 (a) we can find that power over the 5-8th Rx antennas have higher power than other Rx antennas. It means the 2nd column of the Rx antenna array receives most of the reflection or scattering components from the back-side. The strongest powers in Fig. 8(b) occur at the 25-28th Rx antennas, which verifies that the 7th column is directly facing the Tx array. From the PDP results we can conclude that the cross-polarized components are more predominant when Rx is facing the Tx antenna array, while the main components are co-polarized when Rx is back-facing the Tx antenna array.
B. K-FACTOR
It is well known that multipath fading on the received signal has a very important effect on wireless channels. Hence, the estimation of the Ricean K-factor, which is defined as the ratio of the average power of the LoS component to the total average power of the scatter components, is of great importance in mobile communication systems [22] . Among the methods of K-factor estimation, we use the popular momentbased estimators to obtain K factors due to their simplicity and computational efficiency. The detailed mathematical formulas for moment-method can be found in [23] . Here we give only the final result, i.e.
where
and
Here, G m is the true value of the first moment or time average of the corresponding power gain and G v is the true value of the second moment which is the rms fluctuation of the corresponding power gain about G m .
Firstly the K-factor over each column of Tx antenna array and Rx antenna array is shown in Fig. 9 . Where K m 2 ,n 2 ,p 2 m 1 ,n 1 ,p 1 represents the K-factor for the channel between the antennas T (m 1 , n 1 , p 1 ) and R(m 2 , n 2 , p 2 ). The K-factor is obtained from the total 32 Tx and 32 Rx antennas then the results are averaged for each Tx column and each Rx column. From the results over four polarization combinations, we find that the K-factor at the 2nd column of the Rx antenna array is different from other columns. When Tx antenna is −45 • and Rx is +45 • , K-factor gets the maximum value at the 2nd Rx column. For the other three polarization cases, the K-factor for the 2nd Rx column is less than for other Rx columns in general. Regarding Tx antenna columns (n 1 ), there is not much difference between each Tx column for most of the values, except for the one at the 4th Tx column is higher than others in the case of the Tx antenna is +45 • and the Rx antenna is −45 • .
To analyze the K-factor over each Rx antenna, we average the results at the Tx side and depict it in Fig. 10 . Where E m 1 ,n 1 means the average value of the K-factor on the m 1 th row, n 1 th column of the Tx antenna array. Fig. 10(a) illustrates the results at Rx indices 1-16, which are back-facing the Tx antenna array. Fig. 10(c) shows the results at 17-32th Rx antennas, which are facing the Tx antenna array. Meanwhile, the corresponding Cumulative Distribution Function (CDF) of the K-factors are shown in Fig. 10(b) and Fig. 10(d) . From these figures, we can observe that the K-factors are higher when Tx and Rx antennas are cross-polarized in the back-facing case. On the contrary, when Rx is facing the Tx antenna array, the K-factors are higher in co-polarization cases than in cross-polarization cases. If we look at the K-factors on the whole, K-factors are higher when Rx is back-facing the Tx antenna array. That is reasonable because when Rx is facing Tx antenna, the Rx not only receives the LoS component, but also receives many scatter components from the environment, since there are many trees and street lamps around the Rx antenna. At the back side, the Rx antenna also receives scatter components, but compared with facing case, the Rx antenna receives less scatter components or powers at the back side in general. Therefore, the K-factor when the Rx antennas are facing the Tx ones is lower than when they are back-facing, considering the calculation formula (1) . This observation can also be verified by Fig. 5 , in which the power over the 7th Rx column has more dispersion than the 2nd Rx column, hence the denominator is larger when Rx is facing Tx antenna, result in a lower K-factor in this case than in the back-facing case.
From the CDF curves in Fig. 10 (b) and Fig. 10(d) , we find the experiment values of the K-factor CDF can be fitted by the following normal distributions: N (−0.3921, 0.2200), N (−0.2156, 0.5213), N (−0.3335, 0.3096) and N (−0.4266, 
, respectively, when Rx is facing the Tx antenna array. The K-factor range is from −0.95 to −0.18 dB in this case.
C. DELAY SPREAD
It has been shown that under some specific circumstances, the error probability due to delay dispersion is proportional to the rms delay spread only, while the actual shape of the PDP does not have a significant influence. In that case, the delay spread is all we need to know about the channel [21] , [24] .
Here we use P(τ k ) to denote the power that arrives at the Rx antennas with a certain delay τ k . Where k is the sample index. The zeroth-order moment of power is:
The normalized first-order moment, the mean delay, is given by:
The normalized second-order central moment is known as rms delay spread and is defined as:
The delay spreads for the four polarization combinations are shown in Fig. 11 . Where σ m 2 ,n 2 ,p 2 m 1 ,n 1 ,p 1 represents the delay spread for the channel between the antennas T (m 1 , n 1 , p 1 ) and R(m 2 , n 2 , p 2 ). It is obtained from the 32 Tx and 32 Rx antennas then the results are averaged by each Tx column and each Rx column. From the four figures, we can observe that the delay spread over each Tx antenna column does not have much difference. However, the delay spread over each Rx antenna column has a distinct difference from each other. Delay spread at the 2nd Rx column has the maximum value in all the four cases. In the cross-polarization situation, it is larger than the co-polarization cases. In the two crosspolarization cases, except for the 2nd column of the Rx antenna array, the 4th column also has a large delay spread. The delay spread has relatively larger values at the 1-4th columns than at the 5-8th columns. In addition, we find the delay spread is very small at the 5th Rx column when Tx and Rx antennas have the same polarization. The reason of such difference is due to the Rx structure by our conjecture, since the 1-4th columns of Rx antennas are back-facing the Tx antenna array, thus the mainly received signals are scatter components, so that it has a larger delay spread than the 5-8th Rx columns which are facing the Tx antenna array.
The delay spread over each Rx antenna and the corresponding CDF is shown in Fig. 12 . Where E m 1 ,n 1 means the average value of the delay spread on the m 1 th row, n 1 th column of the Tx antenna array. From Fig. 12(a) and (c) we can see the delay spread at the 5-8th Rx columns has the largest value among all the Rx antennas. When Tx and Rx antennas are cross-polarized, the delay spread is larger than when they are co-polarized in the back-facing case.
The opposite phenomenon appears when Rx is facing the Tx antenna array. The delay spread is higher when Tx and Rx antennas are co-polarized than when they are cross-polarized. This observation is consistent with the PDP results, since when Tx and Rx antennas are facing, the cross-polarization cases have a higher power, correspondingly the delay spread is lower in the cross-polarization case than in co-polarization case. When Rx is back-facing Tx antenna array, the higher power appears in the co-polarization cases which has the lower delay spread at the 2nd Rx column. Fig. 12(b) and (d) give the CDF curves of the delay spread in two cases, we find they can be fitted by the following VOLUME 7, 2019 
, respectively, when Rx is backfacing the Tx antenna array. The delay spread range is from 0.075 to 0.179 µs. N (0.1033, 0.0212), N (0.0837, 0.0176), N (0.0868, 0.0186) and N (0.1017, 0.0184) for E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,+45 • ), E m 1 ,n 1 ( K m 2 ,n 2 ,+45 • m 1 ,n 1 ,−45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,+45 • ) and E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,−45 • ), respectively, when Rx is facing the Tx antenna array. The delay spread range is from 0.03 to 0.15 µs in this case.
IV. OBSTRUCTED LOS SCENARIO A. POWER DELAY PROFILES
In obstructed LoS scenario, the same processing as in LoS scenario is carried out. Firstly, we plot the PDP with normalized power for 32 Tx antennas and 32 Rx antennas with four different polarization combinations, as shown in Fig. 13 . It shows a larger power range than in LoS scenarios. And the average powers in the four cases are all lower than those in LoS scenarios. About 5dB difference between LoS and obstructed LoS cases. A coherent phenomenon as in LoS scenario is that the power is higher when Tx and Rx antennas are cross-polarized than co-polarized. However, it does not have an as big difference between the cross-polarization and copolarization as in the LoS scenario. In addition, the strongest powers always occur at the 7th column of the Rx antenna array, which is facing at Tx antenna array, especially when Tx antennas are −45 • and Rx antennas are +45 • . The scattering and reflection components received at the back side of the Rx antenna array reduce a lot when compared to LoS cases. are much lower than in LoS cases. Similarly, the crosspolarization cases have higher power than co-polarization cases. When Tx antennas are −45 • and Rx antennas are +45 • polarized, the powers have the maximum value among the four polarization combination cases. Moreover, it also does not show a distinct difference between each Tx antenna column. In other words, the PDP is independent of the Tx antenna array.
The normalized PDP for a specific Tx antenna and a specific Rx antenna is plotted in Fig. 15. Fig. 15(a) depicts the PDP of the 13th Tx antenna with the 5th Rx antenna which is back-facing the Tx antenna array. Fig. 15(b) shows the PDP of the 13th Tx antenna with the facing 26th Rx antenna. The two figures reveal big differences when the Rx is facing and back-facing the Tx antenna array. The power is much higher when the Tx and Rx antennas are cross-polarized than when they are co-polarized when the Rx antenna is facing the Tx antenna. When the Rx is back-facing the Tx antenna, the co-polarized power is higher than cross-polarized one. The facing and back-facing causes around 10 dB difference for the highest received power.
The power over all the 32 Tx antennas and 32 Rx antennas are shown in Fig. 16. Fig. 16(a) depicts the power over the back-facing Rx antennas whose indices are from 1 to 16, whereas Fig. 16(b) shows the power over the facing 16 Rx antennas whose indices are from 17 to 32. The results show that when the Rx is facing the Tx, the powers are higher than when they are back-facing, also the cross-polarization cause more dominant components when Rx is facing the Tx array. From this figure, we can also find that the 5-8th Rx antenna array (the 2nd column) have strong powers at the back side, though they are still lower than those in 25-28 Rx antenna array (the 7th column). In fact, powers at the 2nd column of the Rx antenna array are almost the same, whereas in other columns the powers are higher in co-polarization cases than cross-polarization cases. However, when Rx is facing the Tx antenna array, cross-polarization powers are higher in most columns of the Rx antenna array. The maximum power occurs when Tx is −45 • with Rx +45 • .
From the PDP and power figures we can observe that in the obstructed LoS scenario, the total received power is less than in the LoS scenario. The cross-polarization components are also the dominant parts when Rx is facing the Tx antenna array. Correspondingly, the co-polarization components are the main parts at the back side of the Rx antenna array. However, the difference between cross-polarization and copolarization power at the 2nd column of Rx antenna array is very small, whereas the power when Tx is −45 • and Rx is +45 • becomes more dominant in the 7th column of the Rx antenna array.
B. K-FACTOR
The k-factors over each Tx and Rx antenna column with different polarization combinations are shown in Fig. 17 . From this figure we can see the K-factor in the obstructed LoS scenario is much higher than in the LoS scenario. This is because the main contribution in the obstructed LoS scenario is the scatter component. However, fewer scatter components are received in the obstructed LoS scenario than in the LoS scenario, resulting in a lower denominator when calculating the K-factor. The much less power in Fig. 13 and Fig. 14 can demonstrate this. The same observation as in the LoS situation is, the K-factor value is higher in cross-polarization than in co-polarization cases. The 2nd Rx column has the maximum K-factor value among all the other columns. The reason is due to the Rx structure. Since the 2nd Rx column is back-facing the Tx antenna array, it receives fewer scatter components than when the Rx is facing the Tx array. To analyze this more precisely, we plot the K-factor over each Rx antenna with regard to facing or back-facing in Fig. 18 .
In Fig. 18(a) , the maximum K-factor value occurs at the 5-8th Rx antennas, which are on the 2nd column and backfacing the Tx antenna array. The K-factors are higher in cross-polarization cases than in co-polarization cases. From Fig. 18(c) we can see the K-factors are much lower at the 17-32th Rx antennas which are facing the Tx antenna array. The K-factor value is just a little higher when Tx and Rx antennas are cross-polarized. On the whole the two polarization combinations do not have many differences for the K-factors. That is may due to the obstructed LoS environment has more depolarization effect in this case by our conjecture.
In Fig. 18(b) and Fig. 18(d) , we also use the following normal distributions to fit the experiment values of the K-factor CDF: N (0.5861, 2.3128), N (0.2812, 3.1799), N (1.1533, 3.4417) and N (0.6753, 2.4408) for E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,+45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,−45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,+45 • ) and E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,−45 • ), respectively, when Rx is back-facing the Tx antenna array. The K-factor range is from -3 to 15 dB. N (−0.6377, 0.2438), N (−0.2370, 0.0566), N (−0.4554, 0.1693) and N (−0.6704, 0.3367) for E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,+45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,−45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,+45 • ) and E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,−45 • ), respectively, when Rx is facing the Tx antenna array. The K-factor range is from −2.1 to −0.2 dB in this case.
C. DELAY SPREAD
The delay spread in obstructed LoS scenario is shown in Fig. 19 . Same as in the LoS situation, we average out the results from 32 Tx and 32 Rx antennas by each Tx and Rx column. Results show a smaller range but a larger value of the delay spread than in the LoS scenario. The maximum value still occurs at the 2nd Rx column whereas the minimum value is all at the 5th Rx column among all the four polarization combinations. Similarly, the delay spread at each Tx antenna column does not have much difference but has an obvious difference from each Rx antenna column. What is different from the LoS situation is that larger delay spread can be observed for more Rx columns regardless of whether Rx is facing or back-facing the Tx antenna array. Our conjecture from this observation is that the obstructed LoS environment has a stronger depolarization effect. This observation is also consistent with the PDP results as the power for the obstructed LoS scenario is much less than for the LoS scenario; the delay spread is higher than for the LoS scenario accordingly. Fig. 20 shows the delay spread over each Rx antenna and the corresponding CDF. From Fig. 20(a) we can see that the maximum value of delay spread occurs at the 5-8th Rx antenna, which is back-facing the Tx antenna. Although the delay spread is larger when Tx and Rx antennas are cross-polarized, the difference is not much between them. In Fig. 20 (c) the opposite phenomenon can be observed, for example, the co-polarization cases have a larger delay spread than cross-polarization cases. And the maximum value is smaller than when Rx is back-facing the Tx antenna array. This is reasonable because the power is higher in this situation than in back-facing case. Also, the power is higher in cross-polarization than co-polarization when Rx is facing the Tx antenna, thus the delay spread is smaller when Tx and Rx antennas are cross-polarized than co-polarized.
The CDF of the corresponding delay spread is shown in Fig. 20 (b) and (d). We can see that the CDF curves also meet the normal distributions as follows: N (0.1450, 0.0139), N (0.1556, 0.0100), N (0.1567, 0.0119) and N (0.1407, 0.0173) for E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,+45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,−45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,+45 • ) and E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,−45 • ), respectively, when Rx is back-facing the Tx antenna array. The delay spread range is from 0.105 to 0.182 µs. N (0.1345, 0.0245), N (0.1088, 0.0181), N (0.1301, 0.0225) and N (0.1331, 0.0247) for E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,+45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,+45 • m 1 ,n 1 ,−45 • ), E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,+45 • ) and E m 1 ,n 1 (K m 2 ,n 2 ,−45 • m 1 ,n 1 ,−45 • ), respectively, when Rx is facing the Tx antenna array. The delay spread range is from 0.05 to 0.17 µs in this case.
V. SUMMARY OF RESULTS
In summary, the statistics of the channel characteristics, such as K-factor and delay spread, for both LoS and obstructed LoS scenarios under different polarization combinations, are reported in the two tables below. 
VI. CONCLUSION
In this paper, a massive-MIMO channel measurement campaign was introduced, which has been conducted in an outdoor suburban environment at the frequency of 3.5 GHz and bandwidth of 160 MHz. We mainly analyzed the channel characteristics, such as the power delay profile, the K-factor and the delay spread in both LoS and obstructed LoS scenarios. Since each Tx and Rx antenna element has both +45 • and −45 • polarizations, we group the whole 64 × 64 subchannels into four different polarization combinations and find some different features.
1) Results show that the PDP, K-factor and delay spread are all more dependent on Rx antennas rather than Tx antennas. This is because the Tx employs a planar antenna array whereas the Rx antenna array is a cylindrical structure. The results are quite different if the receiver antenna is chosen among those facing or backfacing the Tx antenna array. 2) In both LoS and obstructed LoS scenarios, when Rx array is facing the Tx antenna array, the power is higher when Tx and Rx antennas are cross-polarized than co-polarized. When Rx is back-facing the Tx antenna array, the co-polarization components have higher power than cross-polarization. In addition, the power is higher when Rx is facing the Tx antenna than backfacing. 3) Consistently, when Rx is facing the Tx antenna array, the K-factor is always lower in cross-polarization cases than in co-polarization cases. Furthermore, it is higher for the cross-polarization cases than for the copolarization cases when the Rx is back-facing the Tx antenna array. This is because more scattering components can be received in the cross-polarization cases when Rx is facing the Tx array. The opposite observation occurs when the Rx and the Tx are back-facing. 4) The results for the delay spread are also consistent with the PDP and K-factor results. In general, higher power usually has lower delay spread. When Rx is facing the Tx antenna, the delay spread is lower in crosspolarization cases than in co-polarization cases. And the opposite effect happens when Rx is back-facing the Tx antenna. 5) The results for the cross-polarized cases are similar between them, and the same happens for the copolarized ones. Differences between cross-polarization and co-polarization cases are more noticeable in the LoS scenario than in the obstructed LoS scenario. . His research interests include high-resolution parameter estimation for propagation channels, measurement-based channel characterization and stochastic modeling for 5G wireless communications, channel simulation based on random graph models, radar signal processing, and target recognition.
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